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Abstract: 
    
  The aim of this project is to characterize the role of the protein cavin-1 in regulating stress 
response through the G-protein coupled receptor (GPCR) signaling pathway. Cavin-1 was first discovered 
for its role in disassociating rRNA transcription complexes; since then, the protein has been implicated in 
various cellular functions, including its integral role in the structure of caveolae. Previous studies have 
shown the absence of cavin-1 or its structural partner, caveolin-1,  in mammalian cells causes caveolae 
deformation. As GPCRs can localize to caveolae domains, there is a possibility that the deformation of 
caveolae can destabilize interactions in this signaling pathway, specifically between Gαq and 
phospholipase Cβ1 (PLCβ1). Previous work in the Scarlata lab shows a direct connection between the 
GPCR pathway and stress granule formation through PLCβ1. As such, cavin-1 may be an indirect 
regulator of stress granule formation through caveolae deformation, or perhaps its other role in 
transcription regulation.  As both caveolae dysfunction and aberrant stress granule formation have been 
implicated in various diseases, studying the relationship between cavin-1 and the formation of stress 
granules may contribute to disease models and advance our understanding of these cellular processes. 
This study shows that the loss of cavin-1 has a pronounced effect on RNA sizes and argonaute-2 stress 
granule formation under various stress conditions.  
 
 
Background: 
 
Caveolae, caveolin, cavin 
One of the most distinct features of the lipid membrane is the presence of caveolae: 50-100nm 
flask-shaped invaginations of the membrane with a highly conserved structure and composition ​1​. 
Caveolae are found in nearly all mammalian cells, and in certain types, can increase the surface area of 
the membrane by up to two-fold ​1​. Caveolae play a multifaceted role in cellular processes, including in 
endocytosis, scaffolding, mechanosensing, and signal transduction. The composition of caveolae is 
similar to lipid rafts, as they are enriched in sphingolipids and cholesterol ​2​. However, these membrane 
subdomains differ by the presence of caveolae-specific proteins, including caveolin and cavin. Caveolins 
are oligomeric structural binding proteins that adopt a hairpin structure and line the bulb of caveolae, 
effectively maintaining caveolae shape.   The family of caveolins include three distinct proteins: 
caveolin-1 (cav-1, major form), caveolin-2 (cav-2) and caveolin-3 (cav-3, muscle cell-specific). It is 
important to note that caveolin proteins are necessary for both the formation and maintenance of 
caveolae, as cells lacking the cav-1 gene do not have caveolae present in their cells ​3​. Caveolin proteins 
interact with a number of signal transduction molecules, including G-protein coupled receptors (GPCRs), 
by forming scaffolding domains within caveolae. As such, they can enhance signaling complexes by 
stabilizing the interactions between signaling proteins ​4​. 
 
 
 
 
 
 
 
 
 
 
 
 Along with caveolins, cavins are a class of core caveolae 
proteins. Cavins are adaptor proteins that regulate the 
curvature of the caveolae membrane by anchoring caveolin 
to the cytoskeleton ​1​. Among the cavin family composed of 
four proteins (cavin 1-4), the most abundantly expressed 
and studied is cavin-1, known as polymerase 1 and 
transcript release factor (PTRF) or cav-p60. Since its 
discovery in 1998, cavin-1 has been found to be a necessary 
component of caveolae formation, required for the 
sequestration of caveolin into immobile caveolae​1​. As 
shown in Figure 1, the cavin proteins create a complex that 
oligomerize cav-1 to the cytoskeleton via its C-terminal 
region. Studies strongly suggest the expression of cavin and 
caveolin in cells are interdependent; cav-1 knockout mice 
have nearly no cavin-1 expression, and cavin-1 knockout 
mice have diminished cav-1 expression ​1​.  
 
 
Figure 1: ​ Simple visual depicting the structural  
organization of the caveolin-cavin1 complex  
lining the caveolae bulb.  
 
 
Before cavin-1 was identified as a structural adaptor for caveolae, it was initially recognized for 
its role in modulating cellular transcriptional activity​5​. Cavin-1 plays a role in the ribosomal transcription 
termination by RNA Polymerase I (Pol I): a two-step process that involves first halting transcription and 
then disassembling the elongation complex. In murine models, the first step of pausing transcription is 
mediated by the transcription termination factor TTF-1. The second step involves cavin-1/PTRF binding 
to the 3’ pre-RNA, allowing the release of pre-RNA and Pol I from the stalled transcription complex. 
Studies suggest a model in which PTRF is bound to Pol I throughout elongation, and forms a bridge 
between TTF-1 and Pol I to facilitate the disassembly of the protein complex (Fig 2) ​5​.  It has been found 
that cavin-1 not only plays a role in transcript release; it increases the overall rate of transcription in a 
concentration-dependent manner​5​. Along with these two major roles, cavin-1 has been implicated in 
tissue-specific functions, including lipolysis enzyme regulation,  membrane remodeling, p53 pathway 
activation, and exosome secretion. ​6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Together, caveolin and cavin proteins play an 
integral role in maintaining the structural identity 
of caveolae in cells, and cavin-1 plays a 
multifaceted role in cell function.  Diseases 
associated with cavin and caveolae dysfunction 
include muscular dystrophy, lipodystrophy, 
diabetes, and cancer​2​.  
 
 
Figure 2:​ A model for the two-step Pol I 
transcription termination process. Pol I and PTRF 
pauses upstream of TTF-1 bound to the Sal box 
terminator. Cavin-1/PTRF forms a bridge between 
Pol I and TTF-1, mediating the release of Pol I and 
pre-RNA from the template.  Model adapted from 
Jansa et. al, 1998.  
 
 
 
 
 
The GPCR Pathway 
G-protein coupled receptors (GPCRs) are specialized membrane receptors that are critically 
involved in a broad range of cellular reception and response processes. Due to their omnipresence in 
signal transduction in eukaryotes, they serve as therapeutic targets for approximately one-third of the 
Food and Drug Administration (FDA)-approved drug market (nearly 500 drugs) ​7,8​. A GPCR is classically 
defined by its ability to interact with heterotrimeric G-proteins, composed of three subunits, deemed 
alpha (Gα), beta (Gβ) and gamma (Gγ). When a GPCR is activated by a ligand it serves as a guanine 
exchange factor (GEF), as it interchanges the guanidine diphosphate (GDP) with a guanidine 
triphosphate (GTP) on a G-protein complex​9​. This action leads to the disassociation of the Gα and 
Gβγ subunits, which then act upon intracellular signaling messengers or functional proteins. There are 
many unique classes of GPCRs, differentiated by their associated G-proteins and signaling cascades. For 
example, the isoforms Gαs and Gαi act upon the enzyme adenylate cyclase, which synthesizes the 
secondary messenger cyclic AMP (cAMP) from adenyl triphosphate (ATP) ​8​. The muscarinic subtype that 
is discussed in this report, Gαq, recruits and binds to both membrane and cytoplasmic phospholipase 
Cβ (PLCβ), catalyzing the cleavage of the lipid phosphatidylinositol 4, 5 bisphosphate (PIP​2​) into 
inositol triphosphate (IP​3​) and diacylglycerol (DAG). The IP​3​ molecules then bind to channels on the 
endoplasmic reticulum, releasing Ca​2+​ ​ions into the cytosol (Fig 3). Elevated calcium levels can affect a 
variety of processes by binding to intracellular targets and regulating gene transcription ​8​. In this project, 
GPCR stimulation will be induced by carbachol, a stable derivative of the neurotransmitter and GPCR 
activator acetylcholine​10​. 
 
 
 
Figure 3:​ A diagram of the GPCR pathway. An extracellular ligand binds to the transmembrane GPCR, 
exchanging GDP for GTP in heterotrimeric G-proteins. The Gα subunit dissociates and binds to PLCβ, 
cleaving PIP​2​ into IP​3​ and DAG. IP​3​ binds to channels on the endoplasmic reticulum membrane, causing 
an efflux of calcium into the cytosol. Retrieved from https://bio.libretexts.org/ 
 
Stress Granules 
When cells are subject to adverse conditions, the formation of stress granules is a known 
mechanism for cells to halt nonessential translation and channel resources towards responding to the 
source of stress ​11​. Stress granules are a class of transient ribonucleoprotein  granules: 1-2μm dynamic 
membraneless organelles containing a diverse proteome and variety of mRNAs. They differ from other 
conserved cytoplasmic messenger RNP (mRNP) granules, such as p-bodies, as they are associated with 
translation initiation complexes and majorly contain mRNAs stalled in translation initiation. While the 
immediate purpose of stress granules is to halt nonessential translation, they also serve to recruit and 
induce association between proteins, and even promote the formation of mRNA-protein translation 
complexes. For example, stress granules can recruit various antiviral proteins and stimulate their 
activation, promoting a cellular immune response during viral infections ​12​. High resolution microscopy 
has shown the structure of stress granules to contain two components: a concentrated core and a 
dynamic, less-concentrated shell ​13​. This structure, especially the shell, contains intrinsically disordered 
domains that contribute to stress granules’ liquid-like behavior. Overall, their assembly and disassembly 
is carefully regulated by protein remodeling complexes, signaling pathways, and various proteins, such 
as chaperons and nucleic acid-associated enzymes ​14​. Though the complex process that maintains these 
structures have yet to be elucidated fully, there is a great amount of research that emphasizes the 
importance of stress granule dynamics in cellular function ​11-14​.  
Premature formation or the persistent presence of stress granules have been observed in 
disease states, such as neurodegenerative disorders (Alzhiemer’s, ALS etc.) and cancer​11​. Additionally, 
mutations that affect RNA-binding proteins and autophagy have been seen to result in the abnormal 
accumulation of stress granules in cells. From these observations, there is growing consensus that 
aberrant stress granules lead to a series of cell processes that trigger cell death ​11​. It is then crucial that 
the mechanisms surrounding stress granule formation and persistence are studied, as both a foundation 
for advancing basic science and disease models and identifying therapeutic targets.  
Previous work in the Scarlata Lab has identified a connection between the GPCR pathway and 
the formation of stress granules through phospholipase Cβ1 (PLCβ1) ​15,16​. This work suggests that in 
the basal state, a major population of cytosolic PLCβ is bound to proteins found in stress granules, 
conferring a protective effect from stress granule formation. Upon GPCR activation, PLCβ1 is shifted to 
the plasma membrane, releasing the stress granule proteins from its bound state and allowing the 
formation of stress granules. Though most proteins found in stress granules are primarily associated 
with translation, including polyadenylate binding protein C1 (PABPC1)  and G3BP1, the endonuclease 
Argonaute 2 (Ago-2) has also been identified as a stress granule protein ​15​. In its primary role during RNA 
interference, Ago-2 mediates the cleavage of mRNA within the RNA-induced silencing complex (RISC) ​17​. 
When Ago-2 is not actively binding mRNA and initiating cleavage, it exists as a stalled complex in the 
cytosol and can be incorporated into stress granules. On a pull-down assay to determine proteins bound 
to PLCβ1, Ago-2 was identified as a binding partner through mass spectrometry​15​. As such, Ago-2 will 
serve as a stress granule marker for the following experiments.  
As it has been stated above, GPCRs can localize to caveolae membranes, which is thought to 
stabilize the activated state of Gαq as it is bound to caveolin-1​4​. In previous studies, it was shown that 
adverse conditions such as mechanical stress disrupted Gαq/cav-1 associations, leading to decreased 
signaling​18​. In the same way, perhaps caveolae deformation induced by the absence of cavin-1 can 
destabilize Gαq interactions with both cav-1 and PLCβ1. As a result, this altered interaction could lead 
to premature formation or persistent presence of stress granules. This research study aims to 
characterize the role of cavin-1 in stress granule formation through the GPCR pathway. Though we 
propose a model in which cavin-1 acts through the GPCR pathway, we understand that cavin-1 is a 
multifaceted protein with various critical roles in cellular function. With this in mind, cavin-1 may act 
through multiple pathways to regulate stress response. In this study, mouse embryonic fibroblasts 
(mEFs) with cavin-1 knockouts, along with their wild-type counterpart, were used in biophysical studies 
to both visualize and quantify stress granule formation. Additional studies were conducted to 
understand whether the overexpression of caveolin-1 could compensate for the effects caused by the 
absence of cavin-1.  
  
Methods: 
 
Cell Studies:​ Mouse Embryonic Fibroblasts were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, GIBCO) supplemented with 10% fetal bovine serum, 50 units/ml penicillin, and 1% L-glutamine 
  
Stress Conditions:  
Carbachol Stimulation: 1mM carbachol (acetylcholine derivative) was added to existing media for 10 
minutes for a final concentration of 5μm 
Hypo-osmotic Condition: Media was diluted to 50% (1 DMEM: 1 H​2​O) before replacing the existing 
media for 5 minutes, shifting osmolarity from 300 mOsm to 150 mOsm 
Oxidative Stress: 100mM arsenite was added to existing media for 10 minutes for a final concentration 
of 0.5mM.  
Heat shock: cells were placed in a 42​o ​C incubator for 1 hour 
Cold Shock: cells were placed in a 12​o ​C ice-water bath for 1 hour 
  
Plasmid Transfection:​ The caveolin-1 plasmid was obtained from previous studies at Stonybrook 
University. Plasmid transfections were conducted chemically using Lipofectamine 3000 (Invitrogen) and 
p3000 reagent in antibiotic-free media. Medium was changed to one containing antibiotic (1% 
Penicillin/Streptomycin) 24 hours post-transfection.  
 
RNA Extraction and Dynamic light scattering (DLS):​ DLS measurements were carried out on a Malvern 
Panalytical Zetasizer Nano ZS instrument. For these experiments, mRNA from mEF WT and mEF cavin-1 
knockout cells was extracted following the instructions from the Qiagen Mini Kit (Cat #: 74104). Prior to 
mRNA extraction, cells were exposed to stress conditions. For these measurements, approximately 50μL 
of extracted mRNA in RNase free water was added in a Hellma Fluorescence Quartz Cuvette 
(QS-3.00mm). Each sample was run 3 times, 10 minutes per run.  
    
Immunostaining and Particle analysis ​: Cells were grown to ~75% confluency and  exposed to stress 
conditions, then fixed with 3.7% formaldehyde, permeabilized using 0.2% triton X-100 in PBS then 
blocked using 100% Fetal Bovine Serum (FBS). Cells were then stained with primary antibodies from 
(Abcam), incubated for 1 hour, washed and treated with a fluorescent secondary antibody for 1 hour. 
After another wash, the 35mm MatTek glass bottom culture dishes were then imaged on the ISS Alba 
FLIM 2-photon confocal microscope using a 100X/1.49 oil TIRF objective to microscopically count the 
number of particles formed under different conditions per μm2. For each condition, 8-10 cells were 
randomly selected and z-stack measurements were taken (1.0 μ/frame). Analysis was performed using 
ImageJ where each measurement was thresholded before analyzing and averaging the number of 
particles per frame per measurement.  Statistical significance was calculated using SigmaPlot with either 
a Student’s t-test or Tukey Test.  
 
Number and Brightness (N&B) measurements: ​N&B theory and measurement has been fully described in 
previous papers ​19​. Cells were first grown to ~60% confluency and transfected with eGFP-hAgo2 plasmid 
provided by Edward Chan (Addgene plasmid # 11590 ; http://n2t.net/addgene:11590 ; 
RRID:Addgene_11590) ​20​. 24-26 hours post-transfection, we collected ~200 cell images viewing 
eGFP-Ago2, at a 66nm/pixel resolution and at a rate of 4 μs/pixel using the ISS Alba FLIM 2-photon 
confocal microscope. Regions of interest (256x256 box) were analyzed from a 320x320 pixel image. 
Offset and noise were determined from the histograms of the dark counts performed every two 
measurements. Number and Brightness (N&B) data was analyzed using SimFC (www.lfd.uci.edu). The 
pixels corresponding to specific values of B and Intensity on the N&B plots were identified by SIM-FCS4 
software (ISS, Inc). 
 
Number and  Brightness (N&B)  analysis. ​ N&B defines the number of photons associated with a diffusing 
species by analyzing the variation of the fluorescence intensity in each pixel in the cell image. In this 
analysis, the apparent brightness, B, in each pixel is defined as the ratio of the variance, σ, over the 
average fluorescence intensity <k>: 
 
𝐵= 𝜎2/<𝑘𝑘>. 
and < 𝑘𝑘 > = 𝜖n 
 
where n is the number of fluorophores. The determination of the variance in each pixel is obtained by 
rescanning the cell image for ~200 times as described above. The average fluorescence intensity, <k> is 
directly related to the molecular brightness, €, in units of photons per second per molecule, and n. B can 
also be expressed as  
𝐵=𝜖+1 
 
The apparent number of molecules, N, is defined as  
 
𝑁 = 𝜖n /(𝜖 + 1) 
  
Western Blotting: ​Samples were trypsinized and collected in 200μL of sample buffer that included SDS, 
DTT (dithiothreitol) and glycerol in Tris HCL buffer, homogenized by sonication and boiled at 70​o ​C for 10 
minutes. After SDS-PAGE electrophoresis, protein bands were transferred to nitrocellulose membranes 
(Bio-Rad, California USA). Primary and secondary antibodies from Cell Signaling Technology and Santa 
Cruz were used for blotting. Membranes were treated with antibodies diluted 1:1000 in 0.5% milk, 
washed 3 times for 5 minutes, before applying secondary antibodies (anti-mouse or anti-rabbit from 
Santa Cruz) at a concentration of 1:2000. Membranes were washed 3 times for 10 minutes before 
imaging on a BioRad chemi-doc imager to determine the band intensities. Bands were measured at 
several sensitivities and exposure times to ensure the intensities were in a linear range. Data was 
analyzed using Image-J. 
 
Calcium Release Studies: ​Cells were incubated with a fluorescent calcium indicator (Calcium Green/ 
Calcium Crimson, Invitrogen, 2μl Calcium Green/Crimson in 250μl HBSS) for 1 hour at 37​o ​C . The plates 
were then washed with HBSS twice in order to remove the excess calcium green. Time-series recordings 
were then conducted on the Zeiss LSM 510 meta confocal microscope.  Studies were also attempted 
with Fura-2, a ratiometric dual-excitation dye. Cells were first trypsinized, collected and centrifuged for 5 
minutes, then resuspended in 1mM Fura-2 in 1mL HBSS with 1% BSA for one hour. Cells were then 
centrifuged and washed thoroughly with HBSS to remove excess dye. Fluorometry measurements were 
acquired with an excitation wavelength of 340 and 380 nm and an emission wavelength of 510 nm using 
the Varian Atomic Absorption Spectrometer, SpectrAA 880/GTA 100. 
 
  
 
Results 
1) The loss of cavin-1 causes a change in morphology and downregulation of its partner 
caveolin-1. 
 
We began this study with the acquisition of  mouse embryonic fibroblasts (mEFs) with an 
inoperative cavin-1 gene, a generous gift from Dr. Libin Liu from Boston University. This knock-out (KO) 
cell line was created through CRISPR/Cas9 genome editing technology.  Morphology and growth pattern 
changes were initially observed using these cells for experiments, namely, cavin-1 KO cells took 2-3x as 
long to achieve the same confluency as their wild-type counterpart. Additionally, the loss of cavin-1 
appeared to cause mEFs to lose circularity and elongate (Fig 4). This observation was quantified by 
measuring the circularity of fixed single cells.  Wild-type mEFS had an average circularity (c) of .78 +/- .02 
( where c=1 represents a perfect circle) whereas cavin-1 KO mEFs had an average circularity of .55 +/- 
.03.  Overexpressing the structural protein caveolin-1 did not rescue the loss of circularity  in cavin-1 KO 
cells ( c = .53 +/- .02).  We then sought to determine if the loss of cavin-1 caused a difference in volume 
or thickness of mEFs. Using the normalized areas of z-stack slices of single cells, we were able to 
measure the general volume distribution of the cells (Fig 5). We saw that cavin-1 KO cells had the same 
volume distribution as their wild-type counterpart, showing us cavin-1 KO mEFs were not flatter because 
they did not express cavin-1. With these z-stack area measurements, we concluded that the loss of 
Cavin-1 did not affect overall cell volume or thickness of the cell. Finally, we sought to confirm previous 
literature that stated the loss of cavin-1 is accompanied by a loss of caveolin-1 expression. Caveolin-1 
expression is downregulated atleast 65% in cavin-1 KO cells, as indicated by western blotting.  
 
 
2) The loss of cavin-1 causes increased sizes of cytosolic RNAs in mEFs. 
 
Using Dynamic Light Scattering, we were able to differentiate the size distribution of cytosolic 
RNAs in wild-type and cavin-1 KO cells .  Without external stress or stimulation, the size distribution of 
cytosolic RNAs is shifted to the right, indicating that the loss of cavin-1 itself promotes formation of 
larger RNA sizes (Fig 6A). This data is supported by changes in Ago-2 aggregation in Numbers & 
Brightness analysis. The basal level of Ago-2 dimerization is significantly higher in cavin-1 KO cells 
compared to wild-type cells (Fig 13).  
 
Additionally, transfecting caveolin-1 into cavin-1 KO cells shows a leftward shift in cytosolic RNA 
size distribution, suggesting that caveolin-1 may negate some RNA aggregation caused by the loss of 
cavin-1 (Fig 6A).  
 
3) In wild-type mEFS, mechanical stress (hypo-osmotic media) and GPCR stimulation 
cause increased sizes of cytosolic RNAs, but not in cavin-1 KO mEFs.  
 
Using Dynamic Light Scattering, we were able to differentiate the size distribution of cytosolic 
RNAs in cells undergoing various stressors. In wild-type mEFs, we see a small basal level of stress 
granule-sized RNAs from 1000-2000nm. With exposure to hypo-osmotic media and GPCR stimulation by 
carbachol we see a significant shift to larger sizes of RNAs (Fig 6B).  When cavin-1 KO cells are subject to 
stress, we do not see additional changes in the size distribution above the control (Fig 6C).  
 
4) GPCR stimulation by carbachol  does not have a pronounced effect on mEFs Ago2 
stress granule formation or calcium signaling. 
 
According to our model that connects the formation of stress granules to the GPCR pathway 
through PLCβ1,  GPCR stimulation by carbachol (a stable derivative of acetylcholine) should promote 
the formation of stress granules. Additionally, in past  experiments with Fischer Rat Thyroid cells, and 
more recent experiments with A10 neuronal cells and Wistar Kyoto smooth muscle cells, we see distinct 
responses in calcium signaling and stress granule formation following carbachol stimulation ​21​ (data not 
shown). 
 
To test this idea, we followed Ago-2 stress granule formation in both wild-type and cavin-1 KO 
mEFs by counting the number of particles microscopy in cells with a 100x objective in unstimulated and 
stimulated cells. We first fixed mEFs under normal and carbachol-stimulated conditions and stained 
them with monoclonal antibodies to the stress granule marker, Ago-2.  We then analyzed particle 
number and sizes in 1.0 μ slices through several cells, reporting particle sizes in the area seen for each 
slice. We avoided an alternative method of analysis of compressing the z-stack measurements into one 
three-dimensional picture as it would result in a loss in resolution. ​ ​When both wild-type and cavin-1 KO 
mEFs were subject to carbachol stimulation, we did not observe a significant difference in Ago-2 particle 
sizes as compared to the unstimulated cells (Fig 8A, 8B).  We then compared stimulated cavin-1 KO cells 
against stimulated wild-type cells, and saw no significant difference in Ago-2 particle sizes (Fig 8C).  
 
We sought to clarify these results with Number and Brightness (N&B) analysis. This method 
measures the number of fluorescent molecules associated with a diffusing particle in living cells  ( ​see 
methods ​). Thus, N&B measurements of cells expressing eGFP-Ago2 will indicate the conditions that 
promote the formation of Ago-2 aggregates. For these experiments, we first cross-compared wild-type 
mEFs with stimulated mEFs. In Figure 10, we present the N&B histograms for representative cells (top 
panels), visualization of aggregates in the cells (middle panels), and the corresponding fluorescence 
images (bottom panels) where the purple areas correspond to higher intensities. To analyze these 
images, we first determined a region of the N&B histogram that corresponds to our control cells, as 
outlined in red. We then determined the number of pixels beyond the specified control region, as 
outlined in green and blue. The percentage of pixels outside of the control region is calculated and 
shown for each condition. We followed Ago-2 aggregation in stimulated wild-type and cavin-1 KO cells 
(Fig 9C, 10C) and saw 3.81% and 4.95% e-GFP particles above their respective controls.  This is a small 
shift in distribution of aggregation that does not indicate much dimerization of Ago-2.  
 
Additionally, we conducted calcium release studies as a direct method of understanding 
cavin-1’s role on GPCR stimulation. As activating the GPCR pathway eventually leads to intracellular 
calcium release from the endoplasmic reticulum, we wanted to quantify the strength and duration of 
GPCR activation by looking at calcium signals after stimulation with carbachol . Using the fluorescent 
calcium indicators, Calcium Green and Calcium Crimson ( ​see methods) ​ we hoped to witness a release of 
calcium from the cytosol within 10 minutes of stimulation by 5mm-20mm carbachol. These methods did 
not provide conclusive results (Fig 18), so we attempted the same study using the ratiometric dye 
Fura-2. Fura-2 is a dual-excitation , single emission indicator that shifts its peak absorbance when bound 
to calcium. The ratio of absorbances represents the ratio of bound Ca​2+​ to unbound Ca​2+​, and 
corresponds  to the amount of free calcium in a cell. Unfortunately this study also provided inconsistent 
results so no conclusion could be drawn from the data (not shown). Further studies must be conducted 
to confirm calcium receptors are functional in these mEFs and to quantify the strength of GPCR 
activation. We believe calcium receptors are active in the cavin-1 KO cell line, especially as previous 
experiments in which cav-1 was downregulated in A10 neuronal cells showed a calcium response.  
 
5) Hypo-osmotic stress affects Ago-2 aggregation, but not the number and area.  
 
We chose to study hypo-osmotic stress as a distinct mechanical stress, because along with 
affecting the number of osmolytes and ion flow in a cell, the swelling of a cell due to hypo-osmolarity 
disrupts caveolae, and most likely displaces caveolin and cavin-1 proteins from the plasma membrane. 
As stated previously, wild-type mEFs exposed to mild hypo-osmotic stress (300mOsm to 150 mOsm) for 
five minutes showed a large shift in size distribution of RNA aggregates, suggesting increased stress 
granule formation (Fig 6B).  Additionally, in particle analysis studies with Ago-2, there was an observable 
difference  in the size or area of Ago-2 particles in cross-sections of the cells, between control and 
stressed wild-type cells (Fig 8A). When this same experiment was conducted in cavin-1-null cells, there 
was a similar observable difference between the control cavin-1 KO cell and the stressed cavin-1 KO cell 
(Fig 8B). However, when the stressed wild-type and cavin-1 KO cells  were compared to determine the 
effect of cavin-1, no observable change was seen (Fig 9B).  We initially believed this result was possible 
because the disruption of caveolae, either by hypo-osmotic stress or by an inoperative cavin-1 , had the 
same effect of the presence and size of Ago-2 molecules.  
 
We followed  these experiments with Numbers & Brightness studies, and we saw a very 
different trend. With the loss of cavin-1, hypo-osmotic stress has an overwhelming effect on Ago-2 
aggregation, showing an average of 22.19% aggregation beyond a wild-type cell (Fig 14). The 
overexpression of cavin-1 appears to rescue aggregation only slightly, if that. Additionally, we know that 
this trend is unique to cavin-1 KO cells. When a wild-type cell subject to hypo-osmotic stress is compared 
to a control cell, aggregation is minimal; when a cavin-1 null cell subject to hypo-osmotic stress is 
compared to a control cavin-1 null cell, the result is highly significant, with 10.87% aggregation beyond 
the control (Fig 10, 11).  
 
6) Oxidative stress (arsenite) and heat shock cause significantly higher Ago-2 particle 
formation, but can be rescued by the overexpression of caveolin-1. 
 
Arsenite-induced stress granule formation is a well characterized phenomenon for many 
studies ​22​. With this in mind, we sought to understand how the loss of cavin-1 could impact a cell’s ability 
to cope with oxidative stress caused by arsenite exposure ( 0.5mM, 10 minutes) . In particle analysis 
studies, there are fewer than 3000 particles below 9E10 μm​2 ​in a wild-type cell treated with arsenite. In 
cavin-1 KO cells, we see a large increase in the number of particles from 9E10 to 1.5E11 μm​2​, suggesting 
that oxidative stress is promoting the formation of larger Ago-2 particles (Fig 9D). However, the 
difference is not statistically significant, so further studies must be conducted to confirm this trend. In 
Number & Brightness analysis, we followed Ago-2 aggregation in wild-type and cavin-1 KO cells exposed 
to arsenite, and saw that cavin-1 KO cells had close to 10% aggregation of Ago-2 eGFP beyond its 
wild-type counterpart (Fig 16). This shift in distribution shows that there is a significant portion of Ago-2 
particles larger than a monomer.  
 
Similarly, mEFs exposed to heat shock (42​o ​C for 1 hour) displayed a trend that suggests the loss 
of cavin-1 hinders cells from coping with stress. In particle analysis studies, we see that heat shock 
(compared to all other types of stress) causes formation of the most particles present over a large 
amount of the cell area (Fig 8A, 8B).  The loss of cavin-1 causes a slight increase in the number of 
particles but not significantly more than its wild-type counterpart. In Number & Brightness studies, we 
see that in wild-type cells heat shock does not cause a compelling amount of aggregation (4.45%) 
compared to the control (Fig 10). However, with the loss of cavin-1, we see a large amount of Ago-2 
aggregation (11.95% above control) within the cytosol of heat shocked cells.  When we directly compare 
a wild-type cell and a cavin-1 KO cell exposed to heat shock (Figure 17), the percentage of additional 
Ago-2 aggregation in the cavin-1 KO cell (8.85%) is indicative of cavin-1’s role in coping with heat stress.  
 
Finally, we explored the intriguing idea that compensating for the loss of cavin-1 with its 
structural partner caveolin-1 could rescue some of the detrimental effects in the knock-out cell line. 
Though literature states that the loss of the cavin-1 gene results in heavy downregulation of endogenous 
caveolin-1 (cav-1) production, we believed that transfecting cells with a caveolin-1 plasmid could 
counter the effects of this trend. In particle analysis studies, there is an unequivocal difference in the 
number and area of particles found in cavin-1 KO cells and cavin-1 KO cells with cav-1 overexpression 
(Fig 9A). In cavin-1 KO cells, the area of Ago-2 particles in a slice extends to 2E11 μm​2  ​whereas in cavin-1 
KO cells with cav-1 overexpression the area of particles is much smaller at 5E10 μm​2​. This significant 
difference suggests that caveolin-1 can compensate for the loss of cavin-1 in cells experiencing heat 
shock. A similar particle analysis trend is observed in cells undergoing oxidative stress (arsenite 
exposure) though the experiments need to be repeated to confirm statistical significance (Fig 9D). 
When these studies were shifted to live cell analysis with Number & Brightness studies, similar results 
were observed. In both arsenite and heat shock- treated cells, transfecting caveolin-1 into cells resulted 
in lower aggregation levels of Ago-2 in cavin-1 KO cells (Fig 16, 17) 
 
 
    
Conclusion 
 
Overall, the scope of this project leaves more to be explored, due to an unexpected lab 
shutdown from Covid-19 policies, the complexity of the model presented and the multifaceted protein 
that is cavin-1.  In the time we had, we were able to explore RNA size distribution in wild-type and 
cavin-1 KO cells, looking at the effects of carbachol stimulation, hypo-osmotic mechanical stress and 
rescue by caveolin-1 transfection. We were then able to explore the presence and size of argonaute-2 
(Ago-2) particles under various stress conditions, as Ago-2 is most likely a marker for stress granules. 
These experiments are particularly important as no other studies have connected cavin-1 to stress 
granule formation. Particle analysis was conducted for wild-type, cavin-1 KO, and cav-1 overexpression 
cells under carbachol stimulation, hypo-osmotic stress, arsenite exposure, heat shock and cold shock, 
providing a comprehensive set of data.  We continued these same conditions (excluding cold shock) into 
Number & Brightness studies to understand the complexation of Ago-2, as oligomerization is a hallmark 
of stress granule formation.  
 
We were able to see that the loss of cavin-1 produced noticeable effects, starting with the size 
distribution of cytosolic RNAs through Dynamic Light Scattering. The large increase in RNA particles from 
1000-2000 nm suggests that at a basal level, stress granule levels are high in a cavin-1 KO cell. These 
results could be explained by cavin-1’s role in caveolae formation and by its role in mediating the 
dissociation of transcription complexes.  It is widely accepted that caveolae are integral components of a 
cell and organism, as they are a site for signaling regulation and patients that are caveolin and 
cavin-deficient present with various developmental issues and dystrophies. Additionally, as cavin-1 
regulates the dissociation of rRNA transcriptional complexes, these complexes may become stalled and 
aggregate in cavin-1 null cells, possibly incorporating into stress granules.  As such, it is understandable 
that cavin-1 deficient cells present with an abnormal level of stress granules.  
 
Additionally, we quantified morphological changes that occurred in the mEFs due to the knock-out of 
cavin-1. Wild-type cells appeared rounder and more tightly packed, whereas knock-out cells were 
longer, slower-growing and not as dense. However, the volume of the cells was not affected, so the loss 
of cavin-1 did not affect a cell’s thickness and z-axis profile. These results show that the loss of cavin-1 
and presumably caveolae, affect the structural morphology of a cell but do not cause cell flattening,  as 
one may believe to be an effect of the loss of caveolae.  Finally, we confirmed through western blotting 
that caveolin-1 is heavily downregulated in cavin-1 knock-out cells, ensuring on a translational level that 
caveolae are not present in these cells.  
 
To further understand how cavin-1 aids in the function of the cell, we looked at the stress response of a 
cell under various stress conditions in cavin-1 KO cells.  We first conducted particle analysis, a method 
that utilizes fixed cells immunostained with a stress granule marker antibody to help us visualize the 
presence of granules after a cell undergoes stress. Though we saw consistent trends between stress 
conditions, i.e. stressors like heat shock and arsenite exposure displayed more Ago-2 particles than cold 
shock and carbachol stimulation, we did not see significant differences between wild-type and cavin-1 
null mEFs. As these studies were only completed with 8-10 cells under each condition, perhaps 
repeating these experiments will confirm a difference of statistical significance does exist.  
 
We continued these studies with Number & Brightness Analysis. These studies suggested the loss of 
cavin-1 had a much greater effect of Ago-2 stress granules, particularly this protein’s oligomerization. 
The N&B method measures the number of fluorescent molecules associated with a diffusing particle in 
living cells, which corresponds to oligomerization state. In these experiments, we showed that, similar to 
DLS results, that the loss of cavin-1 itself is enough of a hardship to produce higher levels of aggregation. 
We then showed that under hypo-osmotic stress, arsenite exposure and heat shock, the loss of cavin-1 
corresponded to higher levels of stress granules. These studies suggest that without cavin-1, stress 
granules are not able to disassemble properly and respond to stress adequately.  
 
Finally, we explore if transfecting caveolin-1 in cavin-1 KO cells can present a rescue effect. In DLS 
experiments, this seems likely, as RNA size distribution shifts leftward. However, N&B studies suggest 
that transfecting caveolin-1 does not significantly  improve the disassembly of Ago-2 granules. We see a 
slight decrease in aggregation, but not a huge rescue, with the addition of caveolin-1. These experiments 
show that though inoperative cavin-1 is accompanied by downregulation of caveolin-1, rescuing with 
cav-1 does not compensate for cavin-1. We can conclude that a cell requires both proteins or more 
importantly, cavin-1 to properly function. As cavin-1 has multiple roles, this conclusion is appropriate. 
Perhaps exogenous caveolin can affect RNA sizes whereas only cavin-1 affects Ago-2 particles. Since we 
only looked at Ago-2 particles, it may be possible that cavin-1 directly impacts the RNA-induced silencing 
complex (RISC) in which Ago-2 is primarily involved.  
 
Overall, we have three sets of experiments-- DLS, Particle Analysis, N&B-- that address the formation of 
stress granules. They measure RNA size distribution,  number and area of Ago-2 particles, and Ago-2 
oligomerization, respectively. The variation in relative stress response is represented with a color 
gradient shown in Figure 18. For ease of analysis, all three results would ideally align to unequivocally 
show a trend in stress granule formation. However that is not always the case, meaning there is complex 
variation in the type of stress granules forming. If this project was not unexpectedly cut short, we would 
have first repeated Particle Analysis and N&B with a better known stress granule marker, such as G3BP1 
and PAPBC. We would have also repeated DLS with the rest of the stressors (this was attempted but 
samples became contaminated). The next step would have been  to understand calcium responses in 
mEFs upon GPCR stimulation. We attempted calcium release studies with three different 
calcium-binding dyes and did not achieve discernible results. We would have attempted this experiment 
again with cells from a very low passage at a wider range of carbachol and bradykinin concentrations to 
hopefully achieve results. Lastly, we would have confirmed expression levels of cavin-1, Ago-2, and 
PLCβ with western blotting. 
 
For future studies, we would want to focus on the GPCR pathway, and first look at Gαq/PLCβ 
interaction, through FLIM/FRET or colocalization studies to truly confirm our model with cavin-1. We 
would also want to explore cavin-1 localization in wild-type cells to inform what processes are most 
prevalent under stress. This question could also be informed by proteomic studies to inform us of 
cavin-1 binding partners.  
 
 
 
 
  
Figure Legend 
 
4. ​Morphology differences in the cell as identified by cell circularity: ​ Examples of single-cell images taken 
on the ISS confocal microscope using a 100X/1.49 oil TIRF objective. Circularity measurements were then 
calculated on ImageJ where c=1 denotes a perfect circle. mEFs with inoperative cavin-1 show a 
decreased circularity compared to wild-type. This difference is not rescued with the overexpression of 
caveolin-1. 
 
5. ​ Cell volume distribution measured by normalized areas of z-stack measurements: ​ A representative 
value of cell thickness and volume distribution was determined by measuring the areas of 1.0 μ slices of 
the cell. The average sum of the normalized areas equalled 6.293 +/- 0.31 for wild-type cells and 6.289 
+/- 0.357 for cavin-1 KO cells (n=16). The thickness and volume distribution of mEFs are not affected by 
the loss of cavin-1.  
 
6.  ​RNA size distribution from wild-type and cavin-1 KO cells: ​Dynamic Light Scattering measurements 
were conducted with RNA extracted from wild-type, cavin-1 KO, and cavin-1 KO with overexpressed 
cav-1 cells. A) RNA size distribution for three cell types at a basal level, B) RNA size distribution in 
wild-type cells under hypo-osmotic stress (300 to 150 mOsm) and carbachol stimulation (5μm carbachol 
for 10 minutes), C) RNA size distribution in cavin-1 KO cells under hypo-osmotic stress and carbachol 
stimulation 
 
7. ​Caveolin-1 levels are downregulated in cavin-1 KO cells: ​Western blotting confirms that the 22 KDa 
protein caveolin-1 is downregulated in cavin-1 KO cells. The downregulation is not affected by the 
addition of stress.  Cells are blotted with a GAPDH control. 
 
8.  ​Ago-2 particle number and area varies with stress condition in wild-type and cavin-1 KO cells:  ​The size 
and number of particles associated with monoclonal anti-Ago-2 in the cytosol of fixed and 
immunostained mEFs was measured on a 100x objective and analyzed using Image J (see methods) 
Stress conditions including heat shock and arsenite exposure produced the highest number of particles 
that span the largest areas, in both A) wild-type mEFs and B) cavin-1 KO mEFs. The trend varies for C) 
cavin-1 KO with cav-1 overexpression cells. 
 
9. ​The loss of cavin-1 affects Ago-2 particle number and area ​: The size and number of Ago-2 particles 
associated with stressed cells (wild-type, cavin-1 KO, cavin-1 KO with cav-1 overexpression).  The 
conditions are as follows: A) control B) hypo-osmotic stress (150 mOsm, 5 min) C) carbachol stimulation 
(5μm, 10 min) D) arsenite (0.5mM 10 min) E) heat shock (42​o ​C, 1 hour) and F) cold shock (11​o ​C, 1 hour). 
See methods for complete stress condition descriptions. Particle areas are measured in μm​2​. For every 
condition n = 8-10 cells. 
 
10. ​N&B analysis of eGFP-Ago2 aggregation in wild-type mEF cells: ​The top panels (A-E) show graphs of 
the brightness versus intensity with the pixels of the colored boxes corresponding to the specific regions 
in the cells (F-J). The bottom panels show the corresponding fluorescence microscopy images where the 
scale bar length is 10 μm (K-O). The red box corresponds to monomeric eGFP-Ago2 while points outside 
this box and in the green and blue boxes correspond to higher order species. Panels A, F, K are wild-type 
control cells; Panels B, G, L  are cells subjected to hypo-osmotic stress (150 mOsm, 5 min); Panels C, H, M 
are cells subjected to carbachol stimulation (5μm, 10 min); Panels D, I, N are cells subjected to arsenite 
(0.5mM 10 min); Panels E, J, O are cells subjected to heat shock (42​o ​C, 1 hour) 
 
11.  ​N&B analysis of eGFP-Ago2 aggregation in cavin-1 KO mEF cells: ​The top panels (A-E) show graphs 
of the brightness versus intensity with the pixels of the colored boxes corresponding to the specific 
regions in the cells (F-J). The bottom panels show the corresponding fluorescence microscopy images 
where the scale bar length is 10 μm (K-O). The red box corresponds to monomeric eGFP-Ago2 while 
points outside this box and in the green and blue boxes correspond to higher order species. Panels A, F, 
K are cavin-1 KO  control cells; Panels B, G, L  are cells subjected to hypo-osmotic stress (150 mOsm, 5 
min); Panels C, H, M are cells subjected to carbachol stimulation (5μm, 10 min); Panels D, I, N are cells 
subjected to arsenite (0.5mM 10 min); Panels E, J, O are cells subjected to heat shock (42​o ​C, 1 hour) 
 
12.  ​N&B analysis of eGFP-Ago2  aggregation in cavin-1 KO mEF cells with cav-1 overexpression: ​The top 
panels (A-E) show graphs of the brightness versus intensity with the pixels of the colored boxes 
corresponding to the specific regions in the cells (F-J). The bottom panels show the corresponding 
fluorescence microscopy images where the scale bar length is 10 μm (K-O). The red box corresponds to 
monomeric eGFP-Ago2 while points outside this box and in the green and blue boxes correspond to 
higher order species. Panels A, F, K are cavin-1 KO  control cells; Panels B, G, L  are cells subjected to 
hypo-osmotic stress (150 mOsm, 5 min); Panels C, H, M are cells subjected to carbachol stimulation 
(5μm, 10 min); Panels D, I, N are cells subjected to arsenite (0.5mM 10 min); Panels E, J, O are cells 
subjected to heat shock (42​o ​C, 1 hour) 
 
13. ​N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1: ​Panels are 
arranged similarly to Figures 11 and 12. Three cell lines (wild-type, cavin-1 KO, cavin-1 KO with cav-1 
overexpression) are compared for eGFP-Ago2 aggregation. The control box refers to the wild-type cell in 
Panels A, D, G.  
 
14. ​N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after hypo-osmotic 
stress (150 mOsm, 5min): ​Panels are arranged similarly to Figures 11 and 12. Three cell lines (wild-type, 
cavin-1 KO, cavin-1 KO with cav-1 overexpression) are compared for eGFP-Ago2 aggregation. The control 
box refers to the wild-type cell exposed to hypo-osmotic stress in Panels A, D, G.  
 
15. ​N&B Analysis showing inconclusive eGFP-Ago2  aggregation with the loss of cavin-1 after carbachol 
stimulation (5μm, 10 min): ​Panels are arranged similarly to Figures 11 and 12. Three cell lines (wild-type, 
cavin-1 KO, cavin-1 KO with cav-1 overexpression) are compared for eGFP-Ago2 aggregation. The control 
box refers to the wild-type cell after carbachol stimulation in Panels A, D, G.  
 
16.  ​N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after arsenite 
exposure ( 0.5mM 10 min): ​Panels are arranged similarly to Figures 11 and 12. Three cell lines (wild-type, 
cavin-1 KO, cavin-1 KO with cav-1 overexpression) are compared for eGFP-Ago2 aggregation. The control 
box refers to the wild-type cell after arsenite exposure in Panels A, D, G.  
 
17. ​N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after heat shock 
(42​o​C, 1 hour): ​Panels are arranged similarly to Figures 11 and 12. Three cell lines (wild-type, cavin-1 KO, 
cavin-1 KO with cav-1 overexpression) are compared for eGFP-Ago2 aggregation. The control box refers 
to the wild-type cell exposed to heat shock in Panels A, D, G.  
 
18.  ​Representative assessment of stress response using a color gradient: ​Summary of DLS, Particle 
Analysis and N&B Studies using a color gradient to assess the comparative severity of a stress response 
by a cell. Light blue corresponds low stress response and dark blue corresponds to a severe stress 
response. 
 
19.  ​Calcium Release Studies: ​A study showing the inconclusive change in calcium release when wild-type 
mEFs labeled with Calcium Crimson are stimulated with 5 μM carbachol under basal conditions (n=15).  
 
  
Figures: 
 
 
Figure 4​: Morphology differences in the cell as identified by cell circularity 
 
 
Figure 5: ​Cell volume distribution measured by normalized areas of z-stack measurements 
 
 
 
 
 
 
 
 
Figure 6: ​RNA size distribution from wild-type and cavin-1 KO cells 
 
 
 
 
 
 
Figure 7: ​Caveolin-1 levels are downregulated in cavin-1 KO cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8​: Ago-2 particle number and area varies with stress condition in wild-type and cavin-1 KO cells 
 
 
 
Figure 9:​ The loss of cavin-1 affects Ago-2 particle number and area 
Figure 10: ​ N&B analysis of eGFP-Ago2 aggregation in wild-type mEF cells 
 
 
Figure 11​: N&B analysis of eGFP-Ago2 aggregation in cavin-1 KO mEF cells 
 
 
Figure 12​: N&B analysis of eGFP-Ago2  aggregation in cavin-1 KO mEF cells with cav-1 overexpression 
 
 
 
 
Figure 13: ​ N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 
 
 
 
 
Figure 14​:  N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after 
hypo-osmotic stress (150 mOsm, 5min) 
 
Figure 15: ​N&B Analysis showing inconclusive eGFP-Ago2  aggregation with the loss of cavin-1 after 
carbachol stimulation (5μm, 10 min) 
 
Figure 16: ​ N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after 
arsenite exposure ( 0.5mM 10 min) 
 
Figure 17​: N&B Analysis showing increased eGFP-Ago2 aggregation with the loss of cavin-1 after heat 
shock (42​o ​C, 1 hour) 
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Figure 18:​ Representative summary of DLS, Particle Analysis and N&B Studies using a color gradient to 
assess the comparative severity of a stress response by a cell.  
 
Figure 19​: Calcium crimson release studies  
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